Exposure to ambient metals in urban environments has been associated with wheeze, and emergency room visits and hospitalizations due to respiratory illness. However, the effect of ambient metals exposure on airway inflammation, and how these associations may be modified by seroatopy, has not been determined. Fractional exhaled nitric oxide (FENO) is a reliable proxy marker of airway inflammation. We hypothesized that recent ambient concentrations of Ni, V, Zn and Fe would be associated differentially with proximal and distal fractions of exhaled NO, and that these associations would be modified by seroatopy. As part of the Columbia Center for Children's Environmental Health (CCCEH) birth cohort study, 9-11 year old children (n = 192) were evaluated. Ambient measures of Ni, V, Zn and Fe were obtained from a local central monitoring site and averaged over 9 days based on three 24 h measures every third day. Fractional exhaled nitric oxide (FENO) samples were obtained at constant flows of 50 (FENO 50 ), 83 and 100 mL/s, and used to determine surrogate measures for proximal (JNO) and alveolar (Calv) inflammation. Seroatopy was determined by specific IgE at age 7. Data were analyzed using multivariable linear regression. Ambient V and Fe concentrations were associated positively with FENO 50 (p = 0.018, p = 0.027). Ambient Fe was associated positively with JNO (p = 0.017). Ambient Ni and V concentrations were associated positively with Calv (p = 0.004, p = 0.018, respectively). A stronger association of Ni concentrations with Calv was observed among the children with seroatopy. These results suggest that ambient metals are associated differentially with different fractions of FENO production, and this relationship may be modified by seroatopy.
Introduction
Exposure to particulate matter <2.5 microns in diameter (PM 2.5 ) has been associated with asthma development and acute exacerbations of symptoms [1, 2] . The U.S. Environmental Protection Agency (EPA) currently utilizes particle diameter to establish mass-based standards for air quality regulation of fine inhalable particles that comprise PM 2.5 . However, PM 2.5 consists of complex mixture that includes metals, organic compounds, sulfates and nitrates among other compounds and this composition may vary temporally, spatially and by source [3] . Mass-based standards fail to account for varying compositions and their differential effects on respiratory health. Therefore, it is important to understand which particular compounds may be associated with increased toxicity.
Despite growing research on some of the components, including polycyclic aromatic hydrocarbons (PAH) and elemental carbon (EC) [4, 5] , few studies have focused on the contribution of ambient transition metals. In New York City (NYC), a large number of apartment buildings burn residual oil for heating, and the burning is the major source of ambient nickel (Ni) and vanadium (V) in PM 2.5 [6] . Ni also is emitted during smelting processes, alloy production and other industrial activities [7] . Motor vehicle emissions are drivers of ambient zinc (Zn) and to a lesser extent Ni and V concentrations [8] . Additionally, burning of other fossil fuels such as coal and petroleum coke, used in electrical power generation, releases soot and fly ash containing V [9] . Sources of ambient iron (Fe) in PM 2.5 include road dust, oil combustion, and re-suspended soils [8, 10] . These outdoor sources have been shown to penetrate indoors and contribute to inside ambient levels and even greater exposures for children [11] . Also, young children are especially susceptible to the effects of airborne pollution due to faster breathing patters that can lead to greater inhalation of PM into their developing lungs [12] . Given the variety in sources of exposure, it is important to understand how the individual airborne metals impact respiratory health.
Emerging evidence implicates several individual airborne metals and adverse respiratory effects. For example, central site levels of ambient Zn were associated with increases in emergency department (ED) visits and hospitalizations for asthma in a pediatric population in Baltimore [13] . Risk of cardiovascular and respiratory hospitalizations following short-term exposure to PM 2.5 , was higher in US counties with higher measured levels of Ni and V [14] . In California, increased ambient levels of Fe and Zn were associated with respiratory hospital admissions among children [15] . In NYC, ambient measures of Ni and V were associated with increased probability of wheeze, and higher levels of Fe were associated with cough at age 24 months in our Columbia Center for Children's Environmental Health (CCCEH) birth cohort [16] .
Measurement of fractional exhaled nitric oxide (FENO), typically collected at 50 mL/s as recommend by the American Thoracic Society (ATS) [17] , provides an indication of airway inflammation that has been associated with asthma development [18] and exacerbations [19] . Higher levels have been detected following recent environmental exposures [20] . Personal and central site exposure to both EC and NO 2 was associated with increments in FENO in California school children [21] . Another study in California school children found significant associations between ambient cumulative lagged averages over 1-8 days of PM 2.5 and elevated levels of FENO [22] . Furthermore, these associations have been shown to vary by atopy. In a study of French children, levels of PM 2.5 , formaldehyde and acetaldehyde measured in schools were associated positively with FENO, and these associations were stronger among children with atopy, defined as at least one positive skin prick test to an aeroallergen [23] . In contrast, in NYC, domestic levels of black carbon (BC)/soot, a tracer of combustion emissions of residual fuel oil and traffic, were associated with higher FENO levels among children without seroatopy, with seroatopy defined as any specific IgE P 0.35 IU/mL to common aeroallergens [24] .
Furthermore, the collection of FENO at multiple flow rates allows the apportionment of NO derived from the alveolar/peripheral and bronchial/central compartments through the use of a mathematical model [25] . This method has proved useful in identifying sources of NO production in subjects with different asthma severity [26] . In our cohort we found that bronchial NO (JNO) was associated with seroatopy while alveolar NO (Calv) was associated only with report of current wheeze [27] . Furthermore, this method has been used to the determine the association between ambient exposures such as environmental tobacco smoke (ETS) and airway inflammation [28] . For example, non-asthmatic silica-exposed workers in Finland had significantly higher alveolar NO (Calv), but not bronchial NO (JNO), compared to healthy volunteers after adjustment for age, body mass index (BMI) and smoking history [29] .
Previously, it has been shown that the association between PM 10 , PM 2.5 , O 3 and NOx and FENO may vary by several day lag time [21, 22, 30] . Berhane et al. reported significant associations between cumulative lagged averages over 1-8 days between PM 2.5 and FENO. In order to account for weekly pollutant and weather patterns [31, 32] and due to results from preliminary analyses, we sought to characterize the association between 9 day averages of airborne ambient metal concentrations (based on three 24 h measurements each 3rd day for Ni, V, Zn and Fe) on NO derived from alveolar and bronchial compartments measured from children aged 9-11 years enrolled in the CCCEH birth cohort in NYC. Given previously observed differential associations between proximal and distal fractions of NO in our cohort, we hypothesized that airborne concentrations of Ni, V, Zn and Fe would be associated differentially with proximal and distal fractions of NO. We also hypothesized that the association between ambient metal exposure and FENO parameters would be modified by seroatopy.
Material and methods

Study population
Participants were enrolled in the prospective birth cohort study (n = 727) conducted by the CCCEH and enrollment has been described previously [4] . Non-smoking, healthy pregnant women aged 18-35, who self-identified as African-American or Dominican and were living in Northern Manhattan and the South Bronx were enrolled. Of the 727 fully enrolled participants, 225 (30.9%) had at least one valid set of multiple flow measures from which distal and proximal fractions could be calculated, at ages 9 or 11. Of those 225 children, 192 (85.3%) had corresponding ambient metal concentrations collected within nine days of the FENO collection (Table 1) . Only children that resided within the study catchment area at the time of collection were included in the analyses. Children were assigned their mother's reported race/ethnicity. Informed consent was obtained in accordance with the Institutional Review Board at Columbia University. Socio-demographic information was obtained from baseline (prenatal) questionnaires. Specific IgE against cockroach, Dermatophagoides farinae, mouse, dog, cat, mold, tree mix, grass and ragweed were measured by Immunocap (Phadia, Uppsala, Sweden) in sera collected at age 7 (n = 171) as previously described [33] .
Measures of exposure
Twenty-four hour average PM 2.5 concentrations were collected daily using a filter based method (instrument: Rupprecht & Patashnick TEOM 1400ab and 2025 Partisol) by the New York State Department of Environmental Conservation (DEC) in accordance to EPA guidelines. Average 24 h ambient concentrations of PM 2.5 fractions of Ni, V, Zn and Fe were measured every third day using a Rupprecht & Patshnick 2300 Partisol and the most complete, validated dataset from the Intermediate School 52 (IS52) in Bronx county, was requested. This site was picked due to the availability of metals data and its location within the study catchment area of Northern Manhattan and the South Bronx [34, 35] Given the limited number of EC measurements available, EC was excluded as a potential predictor. In these analyses the available data spanned from January 2008 to June 18, 2010 until the monitoring site was shut down.
FENO parameters: FENO 50 , JNO and Calv
FENO was collected at ages 9 or 11 years utilizing a previously modified offline NO collection method [36] . Children were instructed to inhale through an NO scrubber. FENO samples were obtained in duplicate at 50 and 100 mL/s and in triplicate at 83 mL/s. FENO 50 was defined as FENO collected at 50 mL/s. Bronchial flux (JNO) and alveolar NO (Calv) were calculated using a previously described modified Hogman method that utilized FENO collected at these 3 different flow rates [27, 37] . Even though the Hogman method utilizes higher flow rates, previously we described good correlations for both JNO and Calv using values calculated with the Hogman and the Pietropaoli methods [27] . JNO and Calv were defined as surrogate measures of NO emanating from 2 compartments described by the Hogman mathematical model, the proximal airway region and the alveolar region respectively.
Statistical analyses
Data were analyzed using linear regression. In order to examine the potential temporal variation in these associations, three different metal exposure assignments were modeled preliminarily. Because metals data were only collected every third day, the first model assigned exposure based on the closest available measurement, either same day as FeNO collection, one day or 2 days prior. However, this exposure assignment was problematic because the exposure lag time was not uniform for all participants. The second exposure assignment utilized the average of two measurements within 6 days of the FeNO collection and the third exposure assignment used the average of three measurements within 9 days of the FeNO collection. In these models, the metal measurements averaged had to be collected the day of or prior to the day of FeNO collection. The final model utilized the natural log of the average of three measurements 3 days apart because these models captured both weekday and weekend emissions, accounted for weekly weather and pollution cycles [31, 32] and because they explained a greater amount of variance in FENO parameters than the other exposure assignments. Metal concentrations were log transformed due to a large amount of relative variation and to improve fit [38] . Exploratory analyses also were conducted for daily PM 2.5 concentrations and 1-9 day lag day values. The outcomes of interest were FENO 50 , JNO and Calv. NO outcomes were found to be log normally distributed; therefore they were log transformed. Log transformations of outcome and predictor variables require b coefficients be interpreted as percent increases.
During FENO collections, parents also were asked about whether the child had a cold or respiratory infection that day and about use of asthma medication, including current inhaled corticosteroid (ICS) use. Parents also were asked if the children had eaten anything within 2 h of the FENO collection. Multivariable models were adjusted for race/ethnicity, sex, cold/influenza season, report of current respiratory infection or cold, report of smoker in home, report of the child eating within 2 h of the FENO collection, distance to central site and ambient NO levels. Report of any recent ICS use was uncommon among the participants (<10%) and only 5 children had report of ICS use the day of the FENO collection. Effect estimates did not vary significantly after exclusion of the children with report of ICS use; consequently these children were included in final analyses. NOx species (4-day lag) was included as a co-pollutant in all models due a previously seen association with FENO [30] . Distance to central site was examined as a potential covariate in multivariable models but its inclusion did not significantly change any of the effect estimates. Due to a high degree of correlation, Ni, V, and Zn were all analyzed in separate models. Fe was highly correlated with V and Zn but not with Ni, so Ni and Fe also were examined in a co-pollutant model. Stratified analyses were carried out to determine if seroatopy, defined as any specific IgE P 0.35 IU/mL to cockroach, mouse, D. farinae, dog, cat, mold, tree, grass or ragweed at age 7 modified the association between ambient metals exposure and FENO parameters.
Results
Characteristics of cohort and pollutant concentrations
Demographic characteristics comparing CCCEH participants included in analyses (n = 192) with those excluded (n = 539) are shown (Table 1 ). There were no significant differences in maternal education and maternal asthma. As expected, the median age of the excluded children was significantly lower because the majority had not reached age 9. The percentage of males in the included cohort was slightly lower than those in the excluded cohort (41% vs. 51%). There was a significant difference in prenatal ETS exposure, with 42% in the included cohort and 32% in excluded cohort. Medians and 25th and 75th percentiles for averaged metal concentrations were as follows: 
Associations between Ni, V, Zn and Fe and FENO parameters
Previously, it has been shown that the association between PM 10 , PM 2.5 , O 3 and NOx and FENO may vary by several day lag time [22, 30] . In univariate models ( Figure S1 ), V and Fe, but not Ni or Zn, averaged over 9 days were significant predictors of FENO 50 
Stratification by seroatopy
Previous studies have shown a strong association between allergic sensitization and FENO levels [39] [40] [41] . Therefore, we proceeded to analyze a potential effect modification by seroatopy. Interaction terms for each metal and seroatopy were tested in the final multivariable model and a significant interaction was found between Ni and seroatopy. Ni appeared to have a stronger positive association on Calv among those children classified as seroatopic (b = 0.438, 95% CI [0.119, 0.758]) than those who were not seroatopic (b = 0.058, 95% CI [À0.168, 0.284]). Fig. 1 shows a regression plot for the univariate Ni model stratified by seroatopic status. The association between V, Zn, Fe and FENO parameters did not appear to vary across strata of seroatopy (data now shown).
In order to examine if Ni and Fe were independent predictors of FENO parameters, a multivariable model that included both as predictors was tested. Results show that Ni and Fe appeared to act independently from one another. Fe remained a significant predictor of both FENO 50 
Discussion
The objective of this study was to characterize the association between measures of ambient Ni, V, Zn and Fe averaged over nine days and FENO parameters differentially representative of NO sources from proximal and distal airways in a cohort of children living in NYC. To our knowledge, this is the first paper to utilize the multiple flow method to determine such associations. We found that Ni and V concentrations were associated with increased levels of Calv, an indicator of distal airway inflammation, and additionally V concentrations were associated with increased levels of FENO 50 , presumed to indicate inflammation emanating from all compartments of the airways. Fe concentrations were associated with increased levels of FENO 50 and JNO, and not Calv, indicating more proximal sources of inflammation. Zn concentrations were not associated with FENO. This study provides evidence that relatively short-term exposure to ambient transition metal fractions of PM 2.5 may lead to an increase in airway inflammation, and that these metals may exert differential effects on the localized production of NO in the airways. Associations between metal concentrations and FENO parameters were found when metal measures taken 3 days apart were averaged over longer time periods, which is consistent with previously published data on PM and EC [21, 22] . A study of French schoolchildren found a significant association between 5-day average concentrations of PM 2.5 measured in classrooms and increased NO in children with and without asthma [23] . In another study of California school children, the strongest associations were seen between cumulative lagged models of PM 2.5 over 1-8 days and FENO, rather than with models utilizing only the previous 24 h average of PM 2.5 [22] .
These results showed that Ni, V and Fe exerted differential effects on fractions of exhaled NO, despite the significant correlations between outcome measures. Only a few studies have used the multiple flow method to partition NO contributions with mixed results. In a study of wood smoke exposure, healthy adult subjects who were exposed experimentally in a chamber to wood smoke for 4-h, had significantly elevated alveolar NO (Calv), but neither FENO 50 nor bronchial NO (JNO) were increased [42] . Another study of healthy adult subjects showed that after 30 min of exercise in an area with high ambient UPM concentrations, alveolar NO decreased without change in bronchial NO [43] . Finally, in a study of adult asthmatic and healthy subjects, experimental exposure to nebulized UPM through a mouthpiece was not associated with any FENO parameter [44] . A possible explanation for the differential effects of Ni, V and Fe on fractions of FENO is that each may affect the production of NO in the airways through a different pathway. There is some evidence that both iNOS and nNOS contribute to alveolar NO [45] . Another explanation might be the relative distribution of metals on particles of different sizes. In another study, Ni was found in fine, intermediate and coarse airborne particles while Fe was mainly found in particles with a diameter >2.7 lm. [46] These findings suggest that Fe might not travel as small enough particles to reach the alveolar region and exert an effect on Calv levels.
We observed no association between Zn concentrations and any of the 3 FENO parameters. This finding was not entirely unexpected because there is evidence from rodents that intratracheal instillations of zinc sulfate induced pulmonary neutrophilic inflammation [47] . Previous studies have shown that FENO 50 is elevated in the setting of eosinophilic, not neutrophilic, inflammation and correlated with sputum eosinophil counts [48] . There is also evidence that the addition of Zn to murine macrophages stimulated with interferon (IFN)-c and tumor necrosis factor (TNF)-a had no demonstrable effect on NO production [49] .
There are only a few studies that help elucidate the mechanism through which ambient metal exposure leads to airway inflammation, and presumably subsequent airway disease and disease exacerbation. In vivo instillation of ambient particles rich in Ni, Zn, Cd and Cu increased secretion of pro-inflammatory cytokines interleukin (IL)-6 and TNF-a and generated elevated levels of oxidant radicals in bronchoalveolar lavage fluid (BAL) [50] . TNF-a, in conjunction IFN-c, may activate nuclear factor-kappa B (NF-jB) in tumorigenic mouse lung epithelial cells, leading to downstream activation of STAT1 and STAT3, ultimately responsible for iNOS expression [51] . Another potential mechanism through which these metals may lead to elevated NO levels involves the dysregulation of Fe homeostasis in the lungs. Inhaled Ni, V and Fe may compete with the uptake of endogenous Fe, leading to elevated levels of available Fe and release of reactive oxygen species (ROS) [52, 53] . NF-jB can be activated by oxidative stressors [54] and its activation has been shown to induce iNOS gene expression in mouse macrophages treated with lipopolysaccharide (LPS) [55] .
The association between ambient measures of Ni and elevated Calv levels was strongest among seroatopic children. These results agree with previous research that found stronger associations between classroom levels of PM 2.5 , acetaldehyde and formaldehyde and elevated FENO 50 levels among atopic children, suggesting atopic children may be more susceptible to the airway effects of these ambient pollutants [23] . These results also are consistent with a murine model of allergic asthma, where intratracheally administered UPM with high fractions of transition metals and metalloids, enhanced ovalbumin (OVA)-induced eosinophil recruitment in the alveoli and increased levels of eosinophilrelevant cytokines and chemokines, IL-5 and monocyte chemotactic protein-3 (MCP-3) in BAL [56] . However, the association for Ni and FeNO is not consistent with Cornell et al. (2012) that found that nonseroatopic children had a relationship between BC and FENO 83 (FENO collected at 83 mL/s). This is also conflicting because one of the major sources of BC is residual fuel oil that is also a major source of Ni in NYC.
There are some limitations to this study. First, the use of central site measurements to assign exposure may not adequately reflect the spatial heterogeneity of individual exposure. However, a previous study found that 1 week average concentrations of Ni, V and Zn measured at IS-52 site were highly correlated with the same metals measured at the New York Botanical Gardens site in Bronx county, also located within our study catchment area, approximately 3 miles away from the IS-52 site [16] . It is also possible that the ambient metals may be surrogates for other component of PM 2.5 . As seen in Table S1 , the metals were highly correlated and we were unable to examine Ni and V in a co-pollutant model because of multi-collinearity, thus making it difficult to disentangle the individual effects of these metals on airway inflammation. Nevertheless, Ni and Fe were not strongly associated and we observed differential associations with FENO parameters when both metals were tested in the same model providing evidence of an independent effect. Another potential limitation is the fact that we did not control for cumulative exposure. FENO measures fluctuate daily within subjects, making it a more suitable biomarker for the study of responses to recent exposures. However, one-time measurements have been associated with environmental exposures and clinical outcomes. PM 2.5 averaged over 5 days that was measured in school-yards and classrooms was associated with elevated levels of FENO in children living in France [57] . Domestic black measures averaged over 7 days were associated with increased levels of FENO in children without seroatopy living in NYC [24] . Elevated FENO levels measured in pre-school aged children were associated with increased risk of respiratory tract illness at one-year follow-up [58] . We also averaged metal concentrations over 9 days to assess lag effects after sub-acute exposure instead of fully evaluating lag effects of various durations to pinpoint the relevant time period, and instead of measuring cumulative exposures. Sample size was also a limitation that did not allow us to analyze other potential effect modifiers such as current wheeze and asthma diagnosis, nor to include other covariates such as heating season; however, all models were adjusted for cold and flu season that substantially overlaps with heating season. Another limitation was the cross-sectional nature of the analyses, given the daily fluctuation of FENO measures.
Even though each lung compartment was not sampled separately in this study, the robustness of the mathematical model has been tested previously and the multiple flow method has been shown to reflect NO arising from different compartments [59] . In a previous study in the CCCEH cohort, we showed that seroatopy was closely related to JNO while report of wheeze in the past 12 months was only closely related to Calv [27] . A previous study also found elevated Calv levels among severe and uncontrolled asthmatic children when compared with corresponding healthy controls [60] . Distal lung inflammation also has been associated airway hyper-responsiveness, symptom exacerbation and tissue remodeling [61, 62] . These studies suggest that the anatomical location of the NO source (i.e., distal vs. proximal airways) is relevant and consequently Calv may serve as a better predictor in the study of air pollution-induced exacerbations.
Conclusions
The associations between recent concentrations of airborne Ni, V and Fe and increased levels of NO suggest that these metal fractions of PM 2.5 lead to airway inflammation in the proximal and distal regions of the lungs. Our findings provide a better understanding of how different inhaled metals contribute to airway inflammation that may consequently lead to asthma exacerbation. The use of mass-based standards of fine particulate matter in air quality regulation by the EPA may not be sufficient to protect children from the immunotoxic effects of transition metals found in PM. Knowledge of the differential effects of different pollutants may lead to more targeted interventions directed at their sources i.e., switching to cleaner oils or natural gas for heating and setting better traffic emission standards.
